Abstract Lifelong dietary restriction (DR) is known to have many potential beneficial effects on brain function as well as delaying the onset of neurological diseases. In the present investigation, the effect of late-onset short-term intermittent fasting dietary restriction (IF-DR) regimen was studied on motor coordination and cognitive ability of ageing male rats. These animals were further used to estimate protein carbonyl content and mitochondrial complex I-IV activity in different regions of brain and peripheral organs, and the degree of age-related impairment and reversion by late-onset short-term IF-DR was compared with their levels in 3-month-old young rats. The results of improvement in motor coordination by rotarod test and cognitive skills by Morris water maze in IF-DR rats were found to be positively correlated with the decline in the oxidative molecular damage to proteins and enhanced mitochondrial complex IV activity in different regions of ageing brain as well as peripheral organs. The work was further extended to study the expression of synaptic plasticity-related proteins, such as synaptophysin, calcineurin and CaM kinase II to explore the molecular basis of IF-DR regimen to improve cognitive function. These results suggest that even late-onset short-term IF-DR regimen have the potential to retard age-associated detrimental effects, such as cognitive and motor performance as well as oxidative molecular damage to proteins.
Introduction
Dietary restriction (DR) has become one of the most powerful tool and active area of research in realm of biogerontology, which tends to reestablish the disrupted homeostasis and results in the adaptive process called hormesis or preconditioning (Mattson 2008) . Several DR regimens have been shown to extend lifespan, with the two most commonly used protocols being intermittent (every other day) feeding and paired feeding that employs feed pellets containing 30-40% less calories than pellets in control diet (Mattson 2003) . Various reports justify the status of DR regimens in the yeast Saccharomyces cerevisiae (Lin et al. 2000) , mice and rats (Weindruch 1996) and humans (Roth et al. 2002) . DR has been shown to slow down the onset of neurodegenerative diseases with increased resistance of neurons to dysfunction and degeneration in experimental models of Alzheimer, Parkinson and stroke disorders (Mattson 2003; Maswood et al. 2004; Love 2005) , cancer (Hursting et al. 2009 ), kidney diseases (Keenan et al. 2000) and cardiovascular diseases (Ripple et al. 2009 ).
Ageing of mammalian species, including humans and rats, is associated with significant accumulation of oxidised protein reactive carbonyl derivatives, measured as biomarkers of protein oxidation (Chevion et al. 2000; Grune et al. 2001 ). The protein oxidation may be associated with reactive oxygen species (ROS) generation by electron transport chain (ETC) in mitochondria, which results in the decline in oxidative phosphorylation with age (Liu et al. 2002; Kaur et al. 2008) . The oxidative damage found to be associated with life expectancy is suggested to be markedly inhibited by long-term calorie restriction (CR) in skeletal muscle (Zainal et al. 2000) and liver (Chaudhuri et al. 2006 ). In the preservation of enzymatic activities and functions by CR, retardation in deterioration of ETC chain by reducing free radical leak has also been reported (Olgun et al. 2002) .
Increased oxidative damage with altered activity of mitochondrial ETC (Forster et al. 1996; Navarro et al. 2004 Navarro et al. , 2005 ) and altered energy homeostasis leads to neuronal damage associated with impaired learning, memory and motor skills (Albers and Beal 2000; Keller et al. 2005) , and deterioration of synaptic function (Lesne et al. 2006) . The procedure used widely to assess learning, memory and motor coordination in aged rats is the spatial discrimination version of the Morris water maze (MWM) and rotarod test (Monville et al. 2006 ). The hippocampal neurogenesis is observed to decline with advancing age (Lemaire et al. 2000) , altering synaptic proteins, phosphatases and kinases expression in the brain. Learning and memory are important aspects of cognitive function, and synaptic plasticity seems to play an essential role in this process. Synaptophysin is used as an index of synaptic number and density, and decreased expression of this marker reflects a decrease in neurotransmission affecting spatial memory (Liu et al. 2005) . Ca 2+ -dependent synaptic plasticity is also regulated by serine/threonine protein phosphatase Calcineurin (CaN) and protein kinase CaMkinase (CaM) (Klee et al. 1998) . CaN acts as a critical link between Ca 2+ regulation, synaptic plasticity, cell survival and cognition (Mansuy 2003) , and alters hippocampal synaptic plasticity in aged rats (Jouvenceau and Dutar 2006) . Activation of CaM plays a key role in synapse formation, neurotransmitter release, neuroplasticity, learning and memory (Soderling 1993; Giese et al. 1998) .
Many previous studies report that lifelong DR initiated in early adulthood is the only established means of extending lifespan and delay the onset of age associated diseases. On the other hand, some recent studies reported that DR initiated even in late age for a limited time span also have beneficial effects (Goto 2006 (Goto , 2007 Kaur et al. 2008; Sharma et al. 2010 ). The present study was aimed to test the hypothesis whether short-term late-onset IF-DR regimen has the potential to improve age associated loss of cognitive and motor functions as well as the underlying region-specific oxidative molecular damage and synaptic plasticity-associated proteins in Wistar strain male rats. A positive correlation was observed between the improvement in the cognitive function, motor coordination and protein carbonylation and mitochondrial ETC activity as well as synaptic proteins expression in 24-month-old rats on IF-DR regimen as compared to their ad libitum (OAL) fed counterparts. Three-month-old young rats were used as positive controls.
Experimental procedures
The primary antibodies used for the immunohistochemistry and Western blot analysis were monoclonal mouse anti-synaptophysin (clone SVP-38), anti-calcineurin α (clone CN-A1) and anti-CaMKinase IIα (6G9) (Sigma). The secondary antibodies used were anti-mouse and anti-rabbit IgG (whole molecule) biotin conjugated, extravidin peroxidase and antimouse IgG or anti-rabbit IgG-peroxidase conjugated. Other chemicals were procured from Sigma (St. Louis, MO, USA) and local sources available commercially.
Experimental animals
Wistar strain male albino rats in the age group of 3 and 24 months were used for these experiments. These animals have maximum lifespan of 30-36 months (Altun et al. 2007 ); thus, the 24-monthold rats had completed nearly 70% of their lifespan. Animal care and procedures were followed in accordance with the guidelines of Institutional Animal Ethical Committee. The paradigm of DR involved periodic fasting, in which 21-month-old Wistar strain male albino rats (ODR) were deprived of food for a full day, every other day and were fed ad libitum on the intervening day for 3 months. Rat feed pallets were provided or removed at 10A.M. every day. Another group of rats of similar age was fed ad libitum (OAL) and used as control. Young adult rats of 3 months of age were taken as positive controls. Normal balanced diet used to feed these rats had ingredients, such as crude proteins (21%), carbohydrates (∼60%), crude fats (5%), fibre (5%) and minerals and vitamins in suitable proportions. Water was available ad libitum to all the animals. The body weights were recorded every 15th day in old AL and DR rats. Blood glucose level was determined once a month. The behavioural experiments were performed between 8A.M. to 10A.M. on the day when the rats were put on fasting so the animals were well fed at the time of these behavioural tests. These rats were put on fasting and feeding at 10A.M. every day. The ODR animals were harvested at the end of fed day (day of having free access to food). Both the ODR and AL group animals were fasted overnight, i.e. these animals did not have access to food for 8-10 h before killing.
Rotarod test
The apparatus was a motor-driven treadmill (Rotamex-5; Columbus Instruments) that consisted of a 7.0×9.5 cm spindle diameter with a fall height of 44.5 cm from the centre. On the first day, the rats were habituated to the rotarod for 180s at a constant speed of 10 rpm. Testing was completed in five trials during next ten days (trial on alternate day) with fixed speed of 15 rpm. Rats were tested for a maximum of 300s in each trial. The number of falls and the time spent on the rotating rod were recorded for each trial and averaged for each group.
Morris water maze test
After 3 months of IF-DR, MWM procedure used to test spatial memory was performed. Escape latency, i. e. time to reach the hidden platform, was recorded for five consecutive days as per procedure described earlier (Pathan et al. 2006) . Briefly, on five consecutive days, OAL and ODR rats were given two acquisition trials per day with an intertrial interval of 2 h. The other parameters, like time spent in the quadrant and number of platform crossing, were also recorded. Rats were allowed a maximum of 60 s to locate the platform and permitted to stay on it for a maximum of 30 s. Rats that failed to locate the platform were placed on the platform by the experimenter for a maximum of 30 s.
Determination of protein carbonyl content
After completion of 3 months of IF-DR and performing behavioural tests, these OAL and IF-DR rats along with 3-month-old young rats were used to measure protein carbonyl content and mitochondrial ETC complex I-IV from different brain regions, such as piriform cortex, hippocampus and hypothalamus, and peripheral organs, such as kidney, liver and heart, according to protocol of Levine et al. using the 2,4-dinitrophenylhydrazine (DNPH) procedure (Levine et al. 1990) . The difference in absorbance between the DNPH-and HCl-treated samples was determined at 366 nm, and the results are expressed as nanomoles of carbonyl groups per milligram of protein using the extinction coefficient of 22.0 mM −1 cm −1 for aliphatic hydrazones.
Mitochondrial ETC complex assays
Mitochondrial fraction was prepared from brain regions and peripheral organs by the modified method of Griffths (1989) . Total protein content of mitochondrial fraction was estimated, and equal amount of sample was used for ETC activity measurement as also explained by Lopez-Torres et al. (2002) . DPNHcoenzyme Q reductase (complex I) activity was estimated as per the method of Hatefi and Rieske (1967) . Succinate dehydrogenase coenzyme Q reductase (complex II) activity was measured according to the method of Ziegler and Rieske (1967) . Coenzyme Q cytochrome-C reductase (complex III) activity was assayed by the method described by Rieske (1967) . Cytochrome-C oxidase (complex IV) assay was done as per the method of Yonetani (1967) , using reduced cytochrome c as substrate, which was freshly prepared by the addition of a few grains of sodium dithionite to a 1% solution in 10 mM phosphate buffer, pH 7.0 (Wharton and Tzagoloff 1967) .
Immunohistochemical staining of synaptic proteins
Brains were perfused transcardially with 4% paraformaldehyde in phosphate-buffered saline (PBS, 0.1 M) and cryopreserved in 10-30% sucrose, and frozen brain sections were further processed for immunostaining (Kaur et al. 2008) . After permeabilisation step, brain sections were treated with hydrogen peroxide (H 2 O 2 ) for 15 min followed by three washes again and incubation with blocking solution (5% normal goat serum in 0.3% PBST). Sections were incubated with mouse monoclonal anti-synaptophysin (syn), anti-calcineurin (CaN) and anti-CaMkinase II (CaM) (1:500 each) in 0.1% Triton-X100 and 1% bovine serum albumin in PBS for 60 h at 4°C; specificity of staining was determined by negative staining control procedures without adding primary antibody. Washings were followed by incubation in anti-mouse IgG biotin-conjugated secondary antibody (1:500) in 0.1% PBST for 2 h. Sections after washing were incubated for 2 h with extravidin peroxidase (1:500) in 0.1% PBST and stained with DAB (0.2 mg/ml) and H 2 O 2 (0.02%) for 30 min. After rinsing, sections were dehydrated in ascending alcohol series and mounted with DPX.
Data analysis
The stained sections were examined using a Nikon Brightfield Microscope E600. Images were captured using a Cool Snap ProTM CCD camera (Media Cybernetics), and the pictures were analysed using Image Pro-plusTM software version 4.5.1 from the Media Cybernetics. The intensity of immunoreactivity was quantified in randomly selected fields in each section using the count/size command. Five consecutive sections each from five to six animals in all groups were used for data analysis. An area of interest was selected and placed within region on each section, and density measurement was made for staining intensity of all synaptic proteins. All the slides were coded for their group assignment, and code was not broken until the intensity was measured. An examiner blind to the group assignment of each animal did density measurement.
Western blot hybridisation Different brain regions were dissected, and 5% homogenate was prepared in 50 mM Tris-HCl (pH 7.4) containing 1 mM EDTA (Sigma) and protease inhibitor cocktail (Sigma) and centrifuged for 5 min at 10,000 rpm. The protein samples (30 μg) separated on a sodium dodecyl sulphate polyacrylamide gel were electroblotted onto a polyvinylidene fluoride membrane (Millipore) using a semidry Novablot system (Amersham Pharmacia) at 25 V for 3 h. Immunoassays were performed with anti-Syn (1:5,000), anti-CaN (1:7,000) and anti-CaM (1:7,000) in TBS-T for overnight at 4°C. The immunocomplexes formed were visualised with anti-mouse IgG or anti-rabbit IgG peroxidiase conjugated (1:7,000) and developed using enhanced chemiluminescence (ECL Plus) Western blot detection system and exposed to Hyper film ECL. The films were then developed, and the antibody-labelling intensity was analysed using Gel documentation system (AlphaEaseTM, Alpha Innotech Corporation).
Complementary DNA synthesis and RT-PCR RNA (5 μg) was isolated using Trizol reagent (Sigma) and was reverse transcribed using 200 U of Mo-MLV reverse transcriptase, 20 U of RNase inhibitor, 0.6 mM of dNTP and 250 ng random primers per reaction, and the mixture was heated at 65°C for 5 min followed by chilling on ice. Buffer (4 μl), DTT (2 μl) and reverse transcriptase (1 μl) were mixed and incubated for 5-10 min at 25°C. Reaction was carried out at 37°C for 1 h. PCR complementary DNA preparations were used to detect Syn, CaN and CaM gene expression using a TECHNE PCR machine. The reactions mixture (50 μl) contained 20 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTP, 2 U of Taq DNA polymerase and 50 pmol of 5′ and 3′ primers for Syn (Liu et al. 2005) , CaN (Jabr et al. 2007 ) and CaM (Wang et al. 2008) . After initial denaturation for 3 min at 94°C, 35 cycles of amplification (at 94°C for 40 s, 55°C for 45 s and 72°C for 1 min) were performed, followed by a 10-min extension at 72°C. PCR products were electrophoresed on agarose gel with 0.2 μg/ml ethidium bromide and photographed under UV transillumination. The expression values of all markers were quantified by semiquantitative reverse transcription PCR (RT-PCR) analysis, using actin messenger RNA (mRNA) as an internal standard.
Statistical analysis
Values are expressed as mean±SEM. A one-way analysis of variance (ANOVA) was used to compare the results in different groups of rats. When ANOVA detected a difference, these sets of young, old AL and old DR rats were subjected to post hoc comparison using the Bonferroni's test (SigmaStat 2.03) for pairwise multiple comparisons to determine the statistical significance, which was assumed to be different when the comparison showed a significance level of p<0.05.
Results
IF-DR is a simple and effective regimen to decrease calorie intake. Old rats on IF-DR regimen showed 23% reduction in bodyweight as compared to their age matched AL counterparts. Rats placed on IF-DR regimen were observed to binge on food on feeding day, and they almost consumed 30-40% more food on feeding day as compared to OAL rats. Therefore, the average food intake per day of IF-DR group was estimated to be around 25-30% less as compared to OAL animals. The average blood glucose level was 118 mg/dl, which was reduced in IF-DR rats to 79.23 mg/dl. Physiological parameters, such as body temperature and blood pressure, have been documented earlier to decrease under similar experimental conditions (Weindruch 1996; Mattson 2003) .
Amelioration of the age-associated impairment in motor coordination and learning and memory function by IF-DR With the fixed speed rotarod protocol used, the young rats rapidly acquired the necessary skilled behaviour on the rotating rod to prevent a fall and were able to stay on the rod for the maximum time at 15 rpm ( Fig. 1a, b) . OAL rats showed an increase in the number of falls from rod across trials. The results presented in Fig. 1a , b further suggest the improved performance by ODR rats on rotarod. Not only the number of falls was lowered, but also the time spent by IF-DR rats on rotating rod was significantly higher, indicating acquisition of the skilled behaviour. Next, we measured performance on MWM task in young adult, OAL and ODR rats. All animals learned the task and became more accurate in locating the escape platform with trials, but the mean for escape latency to platform remained significantly greater in OAL rats over trial time as compared to young animals ( Fig. 1c,   d ). On the other hand, ODR rats showed lower escape latency in comparison to OAL rats on days 4 and 5 of trials, whereas they showed higher escape latency on day 2, and no difference was observed between ODR and OAL animals on day 3. During the probe trial in which the escape platform was removed, rats on IF-DR regimen showed improvement in time spent in target quadrant (Fig. 1e) , which was significantly higher in ODR rats as compared to OAL rats. Moreover, the numbers of platform crossings by ODR rats was higher as compared to OAL group, but the change was not statistically significant (Fig. 1f) . These animals were further used for estimation of protein carbonyl content and mitochondrial ETC complex I-IV activity to correlate cognitive impairment and motor deficits with degree of protein oxidative damage and mitochondrial dysfunction.
Attenuation of age-related increase in protein carbonylation by late-onset IF-DR
The protein carbonyl content of OAL was significantly higher as compared to young animals in cortex, hippocampus and hypothalamus regions of the brain (p<0.05). In comparison, the protein carbonyl content was significantly lower in ODR rats as compared to OAL group (p<0.05) but higher as compared to young rats. Peripheral organs also showed enhanced protein carbonylation (p<0.05) in aged rats, but in comparison to brain, IF-DR was less effective in reducing the damage to proteins in liver, heart and kidney. Results are presented in Fig. 2a .
Effect of IF-DR on mitochondrial ETC complexes
The activity of mitochondrial ETC complexes I-IV showed marked reduction in OAL rats as compared to their young counterparts. Complexes I and IV, which play regulatory role, showed more pronounced decrease of 36-61% (complex I) and 24-50% (complex IV) as compared to the activity in young animals. Old rats on IF-DR regimen showed partial recovery in ETC complex activity (Fig. 2) . A significant decline in the specific activity of complex I was observed in the OAL rats as compared to young group (p< 0.05), whereas IF-DR rats did not show any beneficial effect on the complex I activity from both brain regions as well as peripheral organs (Fig. 2b) .
A decline in the specific activity of complex II was observed from OAL rats (Fig. 2c) , which was partially recovered in ODR rats. Complex III showed the highest activity in brain regions as well as peripheral organs from young rats (Fig. 2d) ; however, no significant change was observed in complex III activity in OAL and ODR rats from cortex and hippocampus, whereas hypothalamus region and peripheral organs showed significant decline in activity of complex III both in OAL and ODR rats (p < 0.05). The specific activity of complex IV showed a significant decline in all brain areas and peripheral organs in OAL rats (Fig. 2e) as compared to the young group (p<0.05), which was significantly restored by IF-DR regimen as compared to young rats (p<0.05; Fig. 2e ).
IF-DR-attenuated age-related impairment of synaptic proteins
To further understand the molecular mechanisms that may underlie the beneficial role of DR in later life, the expression of some markers of brain plasticity like Syn, CaN and CaM were studied in young, OAL and ODR rats in discrete brain regions. In OAL animals, Syn and CaM expressions were significantly decreased in CA3 and DG region of hippocampus, piriform cortex and hypothalamus as compared with young rats (Fig. 3) , whereas their expression in IF-DR rats was partially restored (p<0.05). These results were further strengthened by immunoblots and mRNA expression study (Figs. 4, 5 and 6) . On the other hand, diffused CaN immunostaining was seen in the CA3 and DG regions of hippocampus from young rats, which was significantly increased in OAL rat (p<0.05). IF-DR rats showed lower CaN expression (p<0.05) as compared to OAL rats (Fig. 4) . Further immunoblotting and RT-PCR data also revealed significant restoration by inhibiting CaN expression especially in hippocampus and pyriform cortex (p<0.05).
Discussion
The present results reveal the potential beneficial effects of late-onset short-term IF-DR regimen on markers of oxidative stress and mitochondrial dysfunction from discrete brain regions and peripheral organs. Furthermore, we observed improved expression of synaptic proteins and amelioration of agedependent loss of cognitive and motor skills in animals on IF-DR as compared to AL group. IF-DR regimen seems more feasible option for humans as compared to lifelong DR on the calorie deprivation, which is extremely difficult to adopt over lifetime. The current study examined the effects of late-onset short-term intermittent fasting regimen in ageing animals. An interesting finding of this study is that even late-onset DR delays age-associated decline in motor skills and spatial memory. Although the fasting period was followed by ad libitum feeding period (during which these animals ate 30-40% more food as compared to AL rats), still the overall food intake per day and the body weight of animals on IF-DR regimen were significantly lower than ad libitum fed rats The current results may suggest that IF-DR regimen can contribute to healthy ageing by enhancing cellular resistance to disease. Anson et al (2003) reported that the beneficial effects of IF regimen on glucose regulation and neuronal resistance to injury exceeded from caloric restriction over a period of 20 weeks initiated in 2-month-old C57BL/6 mice. In their study, average food intake in ad libitum fed and IF animals was not different; thus, they suggested that the potential beneficial effects of IF may be independent of caloric intake in these mice. Similarly, previous studies from our lab and others have reported that IF regimen provides neuroprotective and cardioprotective effects in rats against excitotoxic and ischemic injuries (Ahmet et al. 2005; Sharma et al. 2010 ; reviewed by Martin et al. 2006; Kumar et al. 2010) . On the other hand, Yanai et al. (2004) observed some negative effects of long-term caloric restriction on cognitive ability of middle age and old rats and proposed that low blood glucose may be responsible for poor performance of these food restricted animals. Similarly, Carter et al. (2009) reported that male Fig. 1 Old intermittent fasting-dietary restricted (ODR) rats performed better than their respective OAL (old ad libitum fed) groups as assessed by latency to fall from the rotarod (a) and time spent on the rotarod (b). Morris water maze performance during training and testing is shown in c-f. OAL rats show significantly longer latencies to find the platform compared with ODR (d), and they failed to swim in the correct quadrant during trial sessions (e, f). Comparatively, ODR spent significantly higher time in target quadrant as compared to OAL rats (e). ODR rats also had more platform crossings than OAL animals, but the change was not significant (f). Values are mean±SEM of five experiments (n= 20) from 3 months young adult, 24-month-old AL and DR rats. *p<0.05 young vs old AL and DR rats, # p<0.05 old AL vs old DR rats, Bonferroni's test after one-way ANOVA F344xBN rats on CR showed increased physical activity, which may be considered as a confounding factor in interpreting the results of dietary/caloric restriction regimens. Since the behavioural experiments in the current study were performed between 8 A.M. to 10.00A.M. in the morning before the rats were put on fasting, the animals were well fed at the time of these behavioural tests. The present findings suggest that IF-DR regimen has protective adaptive response, as observed for the motor, learning and memory skills using rotarod and MWM tests. There was significant improvement in mean time spent on rod and number of falls in ODR rats, indicating their better grip and ability to move on Representative immunohistochemical images for synaptophysin DAB staining in CA1, CA3 and dentate gyrus (DG) of hippocampus and piriform cortex (PC) and median eminence (ME) region of hypothalamus of young (Y), old ad libitum fed (OAL) and old intermittent fasting dietary restricted (ODR) rats. The intense staining was observed in CA1, CA3 and DG regions of hippocampus and PC of brain in old DR rats.
Histograms represent percent change in staining intensity taking intensity in 3-month-old young rats as 100%. Values are mean±SEM of five experiments (n=3-5) from 3-month young adult, 24-month-old AL and DR rats. *p<0.05 young vs old AL and DR rats, # p<0.05 old AL vs old DR rats, Bonferroni's test after one-way ANOVA (Markowska and Savonenko 2002; Adams et al. 2008; Witte et al. 2009 ) and in amyotrophic sclerosis (Hamadeh et al. 2005) , which may be due to improved body functions and metabolic status. The performance of OAL and ODR rats in MWM, a test predictive of hippocampal neurogenesis (Drapeau et al. 2003) , was poor compared to young rats, but the escape latency and the swimming distance in the ODR Fig. 4 Representative immunohistochemical images for calcineurin DAB staining in CA1, CA3 and dentate gyrus (DG) of hippocampus and piriform cortex (PC) and median eminence (ME) region of hypothalamus of young (Y), old ad libitum fed (OAL) and old intermittent fasting dietary restricted (ODR) rats. The intense staining was observed in CA1, CA3 and DG regions of hippocampus and PC of brain in old DR rats.
Histograms represent percent change in staining intensity taking intensity in 3-month-old young rats as 100%. Values are mean±SEM of five experiments (n=3-5) from 3 months young adult, 24-month-old AL and DR rats. *p<0.05 young vs old AL and DR rats, # p<0.05 old AL vs old DR rats, Bonferroni's test after one-way ANOVA rats were comparatively less as compared to OAL rats. The OAL rats swam relatively longer before locating escape platform, whereas ODR rats swam relatively faster and had more number of platform crossings, indicating more time spent in the respective quadrant. CR rats have also been shown to exhibit similar Representative immunohistochemical images for CaMKinase DAB staining in CA1, CA3 and dentate gyrus (DG) of hippocampus and piriform cortex (PC) and median eminence (ME) region of hypothalamus of young (Y), old ad libitum fed (OAL) and old intermittent fasting dietary restricted (ODR) rats. The intense staining was observed in CA1, CA3 and DG regions of hippocampus and PC of brain in old DR rats.
Histograms represent percent change in staining intensity taking intensity in 3-month-old young rats as 100%. Values are mean±SEM of five experiments (n=3-5) from 3-month young adult, 24-month-old AL and DR rats. *p<0.05 young vs old AL and DR rats, # p<0.05 old AL vs old DR rats, Bonferroni's test after one-way ANOVA improvements in age-related hippocampus deficits and learning memory tasks (Okada et al. 2003; Hashimoto and Watanabe 2005; reviewed by Mattson 2010) .
The highest protein carbonyl content was seen in OAL rats, and IF-DR regimen slowed down the protein carbonylation from 341% to 182% though still higher than the 3-month-old young animals (taken as 100%). A decline in protein oxidation in ODR rats may be an indication of improved cellular functions showing more efficient protein degradation. The potential beneficial effect of IF-DR on carbonyl levels may be due to low ROS generation and enhanced antioxidant activity (Sharma et al. 2010 (Sharma et al. , 2010 . It has been earlier shown that CR can induce a condition of elevated cellular processes by virtue of lowering steady state levels of oxidative damage (Forster et al. 2000) . The nature of mechanisms that retard protein oxidation with DR seems to be tissue specific as IF-DR did not impart same level of protection in peripheral organs, which may be due to their increased protein alteration and aggregation. Similar recent studies have also suggested that age-associated increase in oxidative damage in mice and rats can be reduced by relatively short-term DR initiated in old age (Goto 2006; Goto et al. 2007 ).
Furthermore, we observed age-associated decline in mitochondrial electron chain complexes I-IV in different brain regions as well as in peripheral organs with complexes I and IV showing more pronounced reduction. These observations are supported by our (n=3 for each group). Quantitative densitometric analysis for synaptic markers is shown in histograms. *p<0.05 young vs old AL and DR rats, # p<0.05 old AL vs old DR rats, Bonferroni's test after one-way ANOVA previous study (Sandhu and Kaur 2003) and strongly overlap with the pattern of mitochondrial DNA (mtDNA) damage observed in discrete brain regions with ageing (Filburn et al. 1996 and reviewed in Mattson et al. 1999; Lopez-Torres et al. 2002) . Seven out of the 41 subunits of complex I are encoded by mtDNA, whereas all four subunits of complex II are of nuclear origin. On the other hand, complex III has 10 subunits of nuclear origin and one of mitochondrial and complex IV consists of 13 subunits, three of which are encoded by mtDNA. This may also explain the higher degree of decline in complex I activity as compared to complex IV and their relative preservation by IF-DR in old age. The relationship of mitochondrial activity to oxidative stress is critically related with ageing as explained by positive feedback loop, suggesting that free radicals are mainly generated in mitochondria (Sandhu and Kaur 2002; Olgun et al. 2002; Aksenov et al. 2010) . Moreover, the effect of IF-DR regimen on complex I-IV activities varied in different post-mitotic and mitotic tissues. No significant change was observed in complex II and III activity in ODR as compared to OAL rats though there was age-related decline in their activities in all brain regions and peripheral organs.
Marginal decline in complex I activity in cortex, hippocampus and kidneys tissues from ODR rats may be explained by low metabolic rate allowing bypass of electrons and hence low ROS production analogous to what happens during CR (Gredilla et al. 2001a, b; Ayala et al. 2007 ). The possible mechanism responsible for such change may be related to degree of electronic reduction of complex I free radical generation with reduction in mtDNA damage, indicating an adaptive preconditioning response (hormesis) induced as mild stress with IF-DR regimen. IF-DR had potentially beneficial effects on complex IV in all brain regions and peripheral organs. The ageassociated decrease in the complex IV activity could lead to accumulation of electrons in the upstream complexes, and IF-DR seems to effectively restore the functioning of the complex IV. The increase in activity of complex IV also suggests better performance of this enzyme as final electron acceptor and thus decreasing ROS generation in animals on IF-DR regimen. If the mitochondrial dysfunction and oxidative damage is one of the possible mechanisms responsible for agerelated loss in functional capacity and hippocampus dysfunction (Navarro et al. 2008) , then late-onset short-term DR may be expected to delay or reduce the accumulation of such damage and may explain the difference in the mortality observed between the two groups, i.e. OAL and ODR. Similar study on agerelated decline in activity and function of complexes I to IV reported earlier (Feuers 1998) showed marginal increase in activity of complex IV with CR and lower total respiratory rate, thus suggesting that DR may retard age-associated mitochondrial respiratory function impairment by preserving the enzymatic activities and their function.
Further age-related memory deficits are associated with Ca 2+ dysregulation and decline in synaptic plasticity (Djordjevic et al. 2010 ). The present data show that the ODR rats have better cognitive skills and also exhibit pronounced increase in levels of Syn. Syn being a synaptic density marker could be a reflection of recovery of loss of synapse density and improved synaptic plasticity in ODR rats. The increase in Syn has been interpreted as increase in the presynaptic terminals and neurotransmission. Our findings are consistent with the previous reports that CR restores the age-related decline in Syn levels (King and Arendash 2002; Rutten et al. 2005; Adams et al. 2008; Djordjevic et al. 2010) . Davies et al. (2003) reported that Syn immunogold labelling and density of particles per pre-synaptic bouton of synapses decrease in DG region of the hippocampus of aged rats by 50% than in younger rats. IF-DR induced increase in Syn in DG and CA3 region of hippocampus and cortex region in brain may lead to reduced hippocampus stress and enhanced synaptic plasticity and neurogenesis preventing continuous decline in synaptic functionality as also reported by Djordjevic et al. (2010) . Previous recent reports in literature suggest that altered energy metabolism and oxidative stress negatively affect synaptic plasticity and cognitive ability (Scheff et al. 2005; Wu et al. 2006) . Moreover, mitochondrial bioenergetic dysfunction, ROS overproduction and protein oxidation adversely affects synaptic plasticity and neuronal loss (Pandya et al. 2007 ). Previous study from our lab reported that IF-DR regimen reverses the age-related impairments in neuronal plasticity marker NCAM (Kaur et al. 2008) . Post-synaptic NCAM expression is involved in activity-dependent strengthening of synaptic connections and is also used as a quantitative marker in synaptic remodelling, which increases synaptic transmission, presynaptic function and im-proved memory function (Cambon et al. 2004; Dityatev et al. 2000; Cremer et al. 1998) .
Ageing is associated with altered balance of protein kinase/phosphatase activities, which results in memory deficits (Hsu et al. 2002) . Decreased CaN levels as well as increased CaM expression were seen in the hippocampus of aged rats on IF-DR regimen. The present data elucidates the potential beneficial effect of IF-DR regimen on the expression of synaptic proteins regulating calcium homeostasis and other regulatory mechanisms not only at their translational expression levels but at transcriptional regulation as well. CR has been reported to improve Ca 2+ homeostasis impairments as well as Ca 2+ -dependent synaptic plasticity (Toescu et al. 2004 ). The present data suggest that even short-term late onset IF-DR regimen can efficiently shift the balance between the postsynaptic CaM and CaN levels, which are important regulators of synaptic transmission and strength. IF-DR regimen may also be used as a synergistic approach along with pharmacological strategy to ameliorate cognitive deficits in neurodegenerative diseases (Dineley et al. 2007) . Recently, Harvie et al. (2011) compared the potential beneficial effects of intermittent continuous energy (IER) with continuous energy restriction (CER) in young overweight women subjects and found that IER is as effective as CER for health biomarkers, such as weight loss, insulin sensitivity, leptin level reduction, lipid profile, etc.
The search for interventions to improve or slow down the age-associated decline in cognitive abilities has interested human beings forever. Here, we provide a scientific evidence for cognition and motor coordination enhancing properties of late-onset short-term intermittent fasting DR regimen in ageing rats. These observations further suggest that the improvement in physical activity and memory task by IF-DR in ageing rats is possibly due to prevention/slowing of deterioration of impairments in synaptic functions as well as mitochondrial ROS generation. In addition, it is suggested that simultaneous focus on "biological" and "behavioral" mechanisms that contribute to the potential beneficial effects of DR regimens may have greater clinical applications as also suggested by Carter et al. (2009) . Also as per the study of Harvie et al. (2011) in young overweight women, intermittent energy restriction may be recommended as an alternate regimen to continuous energy restriction for weight loss and reducing disease risk. Several reports in literature have described the potential beneficial effects of dietary restriction (recently reviewed by Mattson 2008; Calabrese and Mattson 2011) . We hope the current study further helps in raising awareness that even late-onset and short-term DR intervention is beneficial and prevents/slows the age-associated brain function impairments.
